DW, Richardson RS. Oral antioxidants improve leg blood flow during exercise in patients with chronic obstructive pulmonary disease. Am J Physiol Heart Circ Physiol 309: H977-H985, 2015. First published July 17, 2015; doi:10.1152/ajpheart.00184.2015.-The consequence of elevated oxidative stress on exercising skeletal muscle blood flow as well as the transport and utilization of O 2 in patients with chronic obstructive pulmonary disease (COPD) is not well understood. The present study examined the impact of an oral antioxidant cocktail (AOC) on leg blood flow (LBF) and O 2 consumption during dynamic exercise in 16 patients with COPD and 16 healthy subjects. Subjects performed submaximal (3, 6, and 9 W) single-leg knee extensor exercise while LBF (Doppler ultrasound), mean arterial blood pressure, leg vascular conductance, arterial O 2 saturation, leg arterial-venous O2 difference, and leg O 2 consumption (direct Fick) were evaluated under control conditions and after AOC administration. AOC administration increased LBF (3 W: 1,604 Ϯ 100 vs. 1,798 Ϯ 128 ml/min, 6 W: 1,832 Ϯ 109 vs. 1,992 Ϯ 120 ml/min, and 9W: 2,035 Ϯ 114 vs. 2,187 Ϯ 136 ml/min, P Ͻ 0.05, control vs. AOC, respectively), leg vascular conductance, and leg O 2 consumption (3 W: 173 Ϯ 12 vs. 210 Ϯ 15 ml O 2/min, 6 W: 217 Ϯ 14 vs. 237 Ϯ 15 ml O2/min, and 9 W: 244 Ϯ 16 vs 260 Ϯ 18 ml O2/min, P Ͻ 0.05, control vs. AOC, respectively) during exercise in COPD, whereas no effect was observed in healthy subjects. In addition, the AOC afforded a small, but significant, improvement in arterial O 2 saturation only in patients with COPD.
CHRONIC OBSTRUCTIVE PULMONARY DISEASE (COPD) is a proinflammatory condition that primarily impacts the lungs, resulting in diminished pulmonary function (29) . Other detrimental sequelae of this condition include mitochondrial (35) and skeletal muscle (31) dysfunction, and, consequently, exercise intolerance and decreased fatigue resistance are recognized hallmarks of patients with COPD (3). Interestingly, peripheral vascular function is also impaired in these patients (24) . Through the release of autocrine and paracrine factors that modulate vascular tone, the vasculature plays a critical role in regulating skeletal muscle blood flow (37) and therefore the delivery of O 2 and nutrients. As such, poor vascular function also has the potential to influence exercise capacity and fatigability in patients with COPD (39) . However, the mechanistic link among COPD, vascular dysfunction, and exercising skeletal muscle blood flow remains to be elucidated.
Peripheral vascular dysfunction in COPD has been attributed to numerous factors, including systemic inflammation and oxidative stress (20, 24) . Indeed, relative to agematched healthy subjects, both elevated systemic inflammation and oxidative stress have been well documented in patients with COPD (6, 24, 32) . Specific to oxidative stress, our group has recently demonstrated the beneficial effects of an acutely administered oral antioxidant cocktail (AOC) on vascular function, as assessed by flow-mediated dilation, in patients with COPD (24) . The AOC and the dosing strategy used have been previously documented to reduce O 2 and carboncentered free radicals in patients with COPD (40) . Thus, the improvement in vascular function after AOC administration in the prior work was attributed to the free radical scavenging ability of the AOC, restoration of the redox balance in the patients, and, potentially, a subsequent improvement in nitric oxide (NO) bioavailability (24) . Based on these findings, targeting oxidative stress with an acute AOC appears to represent a viable mechanism for improving peripheral vascular function in patients with COPD.
Oxidative stress may impair vascular function and potentially adversely impact vascular control during exercise by enhancing endothelin-1 activity (19, 43) , potentiating angio-tensin II-mediated vasoconstriction (17) , augmenting sympathetically mediated vascular tone (42) , and suppressing cyclooxygenase-2-mediated dilation (21) , in addition to, among these and other mechanisms, directly reducing the bioavailability of the vasodilator NO. With regard to NO, Crecelius et al. (16) documented an improvement in forearm blood flow in older individuals during rhythmic handgrip exercise with an intra-arterial infusion of ascorbate, and this effect was abrogated when ascorbate was coinfused with a NO synthase inhibitor. In addition, Wray et al. (46) documented elevated end plantar flexion exercise muscle perfusion, as assessed by nuclear magnetic resonance spectroscopy, after AOC administration in older individuals. Collectively, these studies suggest that there are numerous mechanisms by which oxidative stress may adversely impact vascular control during exercise and implicate antioxidant administration and free radical scavenging as strategies to improve exercise hyperemia, potentially through an improvement in NO bioavailability.
Therefore, the purpose of the present study was to examine the impact of an acutely administered oral AOC on leg blood flow (LBF) and O 2 transport in the exercising skeletal muscle of patients with COPD and healthy subjects. We tested the following two hypotheses. First, administration of the AOC would improve exercising LBF in patients with COPD, with less of an effect in healthy subjects. Second, the increase in LBF after AOC administration would be accompanied by an improvement in redox balance, as assessed by blood markers of antioxidant status relative to markers of oxidative stress.
METHODS

Subjects.
A total of 32 subjects, 16 patients with COPD and 16 ageand sex-matched healthy subjects, completed this study. Subjects were included in the study based on spirometric evidence of either COPD (patients with COPD) or normal lung function (healthy subjects) and sedentary to low physical activity levels (assessment described below). Exclusion criteria for the study included: hypertension or other overt cardiovascular disease, diabetes, neuromuscular disease, known cancer, and obesity. All subjects performed standard pulmonary function tests during an initial visit to the laboratory. General morphometric characteristics and peak knee extension (KE) exercise work rate were also determined during this visit. The Institutional Review Boards of the University of Utah and the Salt Lake City Veterans Affairs Medical Center approved all protocol, and written informed consent was obtained from all participants before their inclusion in the study.
Physical activity level. Before participation in the study, physical activity was assessed by a subjective modified physical activity level recall questionnaire (41) in all subjects, with the goal of matching physical activity levels between patients with COPD and healthy subjects. After this initial data collection, physical activity was further evaluated to confirm similar physical activity levels between groups by objective accelerometry in a representative subset of 20 subjects (10 subjects/group). The physical activity questionnaire included items regarding the average type, frequency, intensity, and duration of physical activity in any given week (23) . For the accelerometry, 10 patients with COPD and 10 healthy subjects wore accelerometers (GT1M, Actigraph, Pensacola, FL) for 7 consecutive days after receiving standardized operating instructions. Average total daily physical activity was expressed as average steps per day and, to better characterize the intensity of physical activity, average total accelerometer counts per minute for each subject was parsed into sedentary, low-, moderate-, and high-intensity activity using device-specific software (Actilife, Actigraph, Pensacola, FL). Previous research has documented the validity and reliability of the Actigraph GT1M in the estimation of daily physical activity (1, 44) .
Exercise protocols and general procedures. Before data collection, all subjects were familiarized with the KE exercise during one to three laboratory visits, during which subjects practiced performing the KE workloads and durations required for the study. On the experimental day, subjects reported to the laboratory after a 12-h fast and rested for ϳ30 min before all procedures. Subsequently, catheters were placed in the femoral artery and vein using sterile techniques, as previously described (4) . After catheter placement, subjects rested for an additional 30 min before beginning KE exercise, as shown in Fig. 1 . KE exercise was performed at 60 rpm on a cycle erogmeter (Monark) modified to allow KE exercise (38) . Briefly, this exercise modality recruits the quadriceps muscle group for active leg extension from 90 to ϳ170°before a lever arm attached to a flywheel passively returns the leg to 90°. Due to the potentially long-lasting effects of the AOC, the AOC trial was always performed after the control condition. In addition, the invasive nature of the study and subject risk associated with catheter placement precluded separation of the study into 2 separate days. However, of note, our group has previously documented the reproducibility of hemodynamic measurements achieved with this serial exercise testing experimental design, without an intervention, across a range of exercise intensities (8) . Each workload (3, 6 , and 9 W) was sustained for 3 min. One minute of rest was allowed between each stage. LBF, mean arterial pressure (MAP), leg O 2 consumption (V O2), and heart rate were assessed during the last minute of baseline and each exercise stage. Blood samples were taken anaerobically during the last minute of both baseline and each exercise stage.
Antioxidant supplementation. All subjects were instructed to refrain from vitamin supplementation for at least 5 days before data collection. On the experimental day, the AOC was administered in a split dose, consumed 2 and 1.5 h before the second exercise bout, to improve absorption and maximize the time of antioxidant efficacy. The first dose consisted of 300 mg ␣-lipoic acid, 500 mg vitamin C, and 200 IU of vitamin E, and the second dose consisted of the same amounts of ␣-lipoic acid and vitamin C and 400 IU vitamin E. This AOC and the dosing strategy used have been previously documented to lower carbon-and O 2-centered free radical levels, as measured by electron paramagnetic resonance spectroscopy, and improve vascular function in patients with COPD (24, 40) .
Central cardiovascular responses. Arterial blood pressure measurements were collected continuously from an indwelling catheter placed in the common femoral artery, with the pressure transducer at the level of the catheter (Transpac IV, Abbott Laboratories). MAP (in mmHg) was calculated as follows: MAP ϭ diastolic arterial pressure ϩ (arterial pulse pressure ϫ 0.33). Heart rate (HR) was monitored from a standard three-lead ECG, a component of the data-acquisition device (Biopac, Goleta, CA). LBF and leg vascular conductance. Measurements of femoral artery blood velocity and vessel diameter in the leg being studied were performed at rest and during the last minute of each exercise stage using a Logic 7 ultrasound system (General Electric Medical Systems) as previously described (9) . The Logic 7 ultrasound system was equipped with a linear array transducer operating at an imaging frequency of 9 MHz. The blood velocity profile was obtained with the same transducer with a Doppler frequency of 5 MHz operated in the high-pulsed repetition frequency mode. LBF was calculated as follows: LBF ϭ (mean femoral artery blood velocity) ϫ ϫ (femoral artery vessel diameter/2) 2 ϫ 60. Leg vascular conductance (LVC) was calculated as follows: LVC ϭ LBF/arterial catheter-derived MAP.
Blood analysis. A standard lipid panel was obtained for all subjects. At rest and in the last 15 s of each exercise stage, femoral arterial and venous blood samples (1-2 ml) were collected, and 1 ml of each sample was presented to a GEM 4000 combined blood gas analyzer and cooximeter (Instrumentation Laboratories, Bedford, MA). Arterial and venous blood hemoglobin (Hb) concentration as well Hb O2 saturation were measured by cooximetry. The GEM 4000 also contains different polymer film electrochemical sensors specific for relevant substrates, which were used to measure PO2 and PCO2 as well as lactate and pH. Arterial and venous blood O2 content (in ml/dl) were calculated as follows: blood O2 content ϭ 1.39(Hb) ϫ (O2 saturation/ 100) ϩ 0.003 ϫ PO2. Leg V O2 (in ml/min) was calculated as follows:
Oxidative stress and inflammation. Venous blood samples taken at rest were centrifuged to collect plasma, and plasma samples were stored at Ϫ80°C until analysis. Lipid peroxidation, a marker of oxidant damage, was assessed by plasma malondialdehyde levels (Bioxytech LPO-586, Foster City, CA). Total antioxidant capacity was evaluated by determining the ferric reducing ability of plasma (FRAP) using the method previously described by Benzie and Strain (10) . The efficacy of the AOC specific to plasma ascorbate levels was assayed as previously described (CosmoBio, Carlsbad, CA) (11). Endogenous antioxidant activity was assessed by catalase activity in the plasma (Cayman Chemical, Ann Arbor, MI) (45) . Plasma C-reactive protein levels, an index of systemic inflammation, were determined by high-sensitivity ELISA (R&D Systems, Minneapolis, MN).
Statistical analysis. Independent-sample t-tests were used to determine differences in subject characteristics, including physical activityrelated variables. A 2 ϫ 2 mixed-design ANOVA was used to evaluate the effect of the AOC on indexes of antioxidant status, inflammation, and oxidative stress. When a significant effect was detected, differences were identified using paired t-tests for the within-subject factor (AOC) and independent t-tests for the betweensubject factor (COPD patients vs. healthy subjects). A 2 ϫ 3 (subject ϫ workload) ANOVA was used to determine differences between patents with COPD and healthy control subjects (subject factor) on physiological variables measured during exercise (workload: 3, 6, and 9 W), and a 2 ϫ 3 (AOC ϫ workload) repeated-measures ANOVA was used to identify significant changes in measured variables due to AOC administration within healthy subjects and COPD patients. Tukey's post hoc analysis was used if a significant main effect was found. Statistical significance was set at ␣ ϭ 0.05 for all tests. All data are expressed as means Ϯ SE. Table 1 . Patients with COPD exhibited reduced pulmonary function relative to the healthy subjects, and blood gas characteristics consistent with COPD (Table 1) . Apart from pulmonary function, arterial blood gases, and pulmonary disease medications, the healthy subjects were well matched with the patients with COPD (Table 1) . By experimental design, in general, physical activity levels were relatively similar between the healthy subjects and the patient group, resulting in similar peak KE work rates between groups ( Table 1) . Two of the patients with COPD were current smokers, who refrained from the use of tobacco products for 12 h before all data collection. Four patients qualified for supplemental O 2 ; only one of these patients, however, required the use of supplemental O 2 during exercise (the blood gas data for the individual using supplemental O 2 was excluded from the analyses).
RESULTS
Subject characteristics. Subject characteristics are shown in
Antioxidants, oxidative stress, and inflammation. Baseline plasma ascorbate was not different between patients with COPD and healthy subjects (Fig. 2C) . Relative to healthy subjects, patients with COPD exhibited a reduced antioxidant capacity, as assessed by FRAP (Fig. 2B) . In addition, C-reactive protein, a marker of systemic inflammation, was elevated in patients with COPD compared with healthy subjects (Fig.  2A) . Plasma catalase activity and malondialdehyde levels were not different between patients with COPD and healthy subjects (Fig. 2, D and E) . Administration of the AOC increased plasma ascorbate levels similarly in both groups ( Fig. 2A) . Interestingly, however, both FRAP (Fig. 2B ) and catalase activity (Fig.  2D) were only increased in patients with COPD as a consequence of ingestion of the AOC.
Resting responses. In patients with COPD at rest, administration of the AOC did not impact MAP, LBF, LVC, HR, arterial O 2 content, leg arterial-venous O 2 difference, net lactate release, or venous pH ( Values are means Ϯ SE. COPD, chronic obstructive pulmonary disease; FEV1, forced expiratory volume in 1 s. *Significantly different from healthy subjects.
for control vs. AOC, respectively) but significantly. In contrast, in healthy subjects, LBF and LVC were elevated after AOC consumption, whereas the other measured variables were unchanged (Table 2) .
Exercise responses. During exercise at 3, 6, and 9 W, LBF was elevated relative to the control condition after AOC consumption in patients with COPD (Fig. 3A) . The elevated LBF, in combination with an unaltered arterial-venous O 2 difference, resulted in an increase in leg V O 2 in the AOC condition in patients with COPD (Fig. 3) . In healthy subjects, LBF, arterial-venous O 2 difference, and leg V O 2 were unaltered by AOC administration (Fig. 3, A-C) . In addition, LVC was elevated with the AOC over the control condition in patients with COPD but not in healthy subjects (Fig. 4) . Arterial O 2 saturation as also elevated in the AOC trial compared with control conditions only in patents with COPD (Fig. 5A) , whereas arterial PO 2 was unchanged (Fig. 5B) . Neither arterial O 2 saturation nor arterial PO 2 were impacted by the AOC in healthy subjects (Fig. 5, A and B) . Arterial O 2 content was not different between conditions in either group, because in the patient group the elevated arterial O 2 saturation was offset by a small, but significant, decrease in Hb concentration during exercise in the AOC condition (Table 2) .
DISCUSSION
The present study examined the impact of an acutely administered oral AOC with previously documented efficacy on exercise-induced skeletal muscle blood flow, vasodilation, O 2 transport, and O 2 utilization during small muscle mass exercise in patients with COPD and age-and sex-matched healthy subjects. Patients with COPD exhibited basal evidence of elevated inflammation and reduced antioxidant capacity. AOC consumption improved antioxidant status in patients with COPD, and these alterations led to favorable changes in central and peripheral cardiorespiratory responses to exercise. Specifically, LBF and LVC during single-leg KE exercise were augmented in patients with COPD after AOC consumption, whereas no changes were observed in healthy subjects. The elevation in LBF, in combination with an unaltered arterialvenous O 2 difference from control conditions, led to increased V O 2 during exercise in patients with COPD. In addition, arterial O 2 saturation was improved, at rest and during exercise, in patients with COPD with the AOC, whereas there was no apparent effect in healthy subjects. These data demonstrate beneficial effects of antioxidant administration on exerciseinduced hemodynamics and skeletal muscle metabolism in patients with COPD and indicate that impaired O 2 transport, as a consequence of elevated oxidative stress, may represent a novel mechanistic link between oxidative stress and exercise intolerance in this population.
Oxidative stress and exercise. Oxidative stress has previously been documented to be elevated in patients with COPD relative to age-matched healthy subjects at rest (6, 24, 32) . In addition, indexes of oxidative stress, such as protein carbonyls, have been inversely correlated with disease severity (6) . Exercise appears to especially augment oxidative stress in patients with COPD, and, as such, markers of oxidative damage are typically elevated in patients with COPD compared with healthy subjects after exercise (32) . Interestingly, this amplified oxidant production during exercise in COPD occurs after exercise that minimally taxes the pulmonary system, such as isolated quadriceps exercise (14, 15) , implying that organs beyond the lung may be contributing to the free radical production. Increased oxidative stress in patients with COPD has been attributed to mitochondrial electron transport chain dysfunction (35) and the systemic inflammation (29) accompanying COPD, among other factors (36) .
The current data support the concept of elevated oxidative stress and inflammation in patients with COPD. Specifically, decreased plasma antioxidant capacity and increased C-reactive protein levels were documented in patients with COPD relative to healthy subjects (Fig. 2) . Administration of the AOC partially corrected the pro-/antioxidant imbalance only in the patient group, increasing both FRAP and catalase activity, with minimal effects in healthy subjects (Fig. 2) . Although not examined in the present study, these data are in accordance with the previously observed free radical diminishing effects of the AOC in patients with COPD using ex vivo spin-trapping and electron paramagnetic resonance spectroscopy (24, 40) . In the present study, the absence of a change in antioxidant or oxidant status in healthy subjects, despite an equal increase in plasma ascorbate ( Fig. 2A) , is likely due to the absence of a substantial redox imbalance in these healthy individuals. Thus, these data further document elevated oxidative stress in patients with COPD as well as beneficial effects of antioxidant administration on redox balance in patients with COPD, which may be useful in the face of the elevated free radical production during exercise in this population.
Exercise hyperemia and oxidative stress. Independent of COPD, aging itself is characterized by a proinflammatory, prooxidant phenotype, which has been implicated as a causative factor in the age-associated decline in vascular function Values are means Ϯ SE. AOC, oral antioxidant cocktail. *Significantly different from control (CTRL) conditions; †significantly different from healthy subjects. (18) . As such, previous research has suggested that the increase in oxidative stress with age may impair resting limb blood flow and exercise hyperemia (12, 13, 16, 46) . There are numerous mechanisms by which oxidative stress may impair vascular control and limb blood flow, including the amplification of vasoconstrictor activity (17, 19, 42, 43) or by diminishing the bioactivity of vasodilating agents, such as cyclooxygenase-2 (21) and NO (16) . Accordingly, antioxidant administration has been documented to augment resting blood flow and exerciseinduced hyperemia in older individuals (16, 25, 46) , although this is not a universal observation (34) . Likewise, an abnormal pro-/antioxidant balance has repeatedly been documented in patients with COPD (6, 24, 30) , as observed in the present study (Fig. 2) . In addition, our group has previously observed beneficial effects of AOC administration on vascular function in patients with COPD (24) . Collectively, these observations support the possibility that oxidative stress may negatively impact skeletal muscle blood flow in this population.
COPD patients
Similar to previous research in older individuals, the present data, for the first time, demonstrate an augmented exercise hyperemia after AOC administration in patients with COPD (Fig. 3A) . The increase in LBF in patients with COPD was observed across all submaximal workloads (Fig. 3 ) and can be attributed to an increase in LVC (Fig. 4) , as MAP was unaffected by AOC administration. These data imply an increase in leg vasodilation during exercise in patients with COPD, providing a novel mechanism to target with the goal of improving O 2 transport in this population.
O 2 transport and utilization. In the presence of increased LBF after AOC administration and no change in the arterialvenous O 2 difference, exercising skeletal muscle V O 2 was elevated in patients with COPD (Fig. 3) . Although the typical response to augmented O 2 delivery is to decrease O 2 extraction and thereby maintain V O 2 , according to the Fick principle (22) , there is growing evidence that skeletal muscle can increase or decrease V O 2 at a given workload when O 2 availability is altered (4, 5, 7, 28, 33) , and these changes in V O 2 do not always result in compensatory changes in glycolytic metabolism. Accordingly, our group (4) and others (33) have previously observed lower levels of V O 2 during exercise and unchanged lactate production with interventions that result in decreased skeletal muscle blood flow. Similarly, enhanced blood flow has led to augmented skeletal muscle V O 2 without a corresponding decrease in lactate production (5, 8) . Collectively, these data suggest that the total energy consumed by the muscle at a given workload may vary with changes in blood flow and O 2 delivery. The potential functional consequences of these changes in V O 2 have been examined by Amann et al. (2, 5) , who demonstrated that augmented LBF during submaximal KE exercise in patients with heart failure resulted in an increase in skeletal muscle V O 2 , which attenuated exercise-induced skeletal muscle fatigue.
The data from the present study support the notion that augmented exercise hyperemia may enhance skeletal muscle V O 2 during exercise, as observed after AOC administration in patients with COPD (Fig. 3) . In line with previous research (4, 8, 33) , the changes in V O 2 in patients with COPD were not accompanied by changes in glycolytic metabolism, as evidenced by a lack of an effect of the AOC on lactate release ( Table 2) . As enhanced muscle V O 2 has been suggested to lead to greater fatigue resistance during exercise (2, 5) , it is tempting to speculate that increased V O 2 during exercise may enhance fatigue resistance in COPD.
Central responses. Secondary to a significant ventilationperfusion mismatch in their diseased lungs (26) , patients with COPD are typically characterized by depressed arterial O 2 saturation and reduced arterial PO 2 . In addition, the degree of hypoxemia is inversely related to exercise capacity, and hypoxemia exacerbates oxidative stress in patients with COPD (27) . As expected, patients with COPD in the present study exhibited reduced arterial PO 2 and arterial O 2 saturation relative to healthy subjects at rest (Table 1 ) and during exercise (Fig. 5) . Interestingly, after AOC administration, a small, but significant, increase in arterial O 2 saturation, but no change in arterial PO 2 , was observed in patients with COPD, both at rest and during exercise, whereas no impact of the AOC was observed in healthy subjects (Fig. 5, A and B) . These data indicate that at a similar arterial PO 2 as control conditions, arterial O 2 saturation was elevated after AOC administration in patients with COPD. Although it is difficult to elucidate the precise mechanisms responsible for the increase in arterial O 2 saturation, it may have been due to a direct effect of AOC administration at the lung or an increase in Hb affinity for O 2 . The increased Hb O 2 affinity may have been related to a decrease in metabolic perturbation during exercise as a consequence of the increase in aerobic metabolism afforded by the AOC (Fig. 3C) , although no measurable changes in lactate or pH were observed (Table 2) . Although the practical significance of the ϳ1% increase in saturation is questionable, as this increase was accomplished with a relatively small antioxidant dose, the impact on saturation of further decreases in oxidative stress with a more potent antioxidant intervention potentially deserves further examination. In addition, an increase in arterial O 2 saturation has the potential to improve arterial O 2 content and O 2 delivery, which would likely have beneficial effects for exercising skeletal muscle (2) . Arterial O 2 content, however, was not altered in the patients in the present study because of the small, but significant, decrease in Hb concentration that offset the increased arterial O 2 saturation and maintained arterial O 2 content (Table 2) . These data do, however, suggest that reducing oxidative stress in patients with COPD has the potential to attenuate arterial hypoxemia, which may improve exercise tolerance in this population.
Experimental considerations. It is important to acknowledge potential limitations of the present study. Specifically, the AOC trial was always performed after the control trial, which does not exclude the possibility of an order effect. However, due to the invasive nature of catheter placement, the control and AOC trials had to be performed on the same day. In addition, because of the potential long-lasting effects of the AOC, the AOC trial always had to be performed last. Importantly, our group has previously documented the reproducibility of hemodynamic measurements achieved with sequential exercise bouts, and no intervention, across a range of exercise intensities (8) . Thus, we are confident that the observed changes are most likely due to the intervention and the favorable impact of decreasing oxidative stress in patients with COPD. Additionally, and somewhat surprisingly, despite minimalistic blood sampling to avoid a change in Hb, Hb levels were lower in patients with COPD in the second AOC trial. As there was no evidence of greater bleeding in patients with COPD, this could simply have been the effect of random variation in the measurements (i.e., a type 1 error). Importantly, arterial O 2 content, which actually has the ability to affect blood flow, was not different between trials (Table 2) .
Summary and conclusions. The purpose of the present study was to examine the impact of an AOC on oxidative stress and antioxidant capacity and, subsequently, exercise hemodynamics during small muscle mass exercise in patients with COPD and healthy subjects. Patients with COPD exhibited evidence of reduced antioxidant capacity relative to healthy subjects. Administration of the AOC improved the redox balance in patients with COPD, with little effect in healthy subjects. These favorable changes in redox balance were accompanied by improved LBF and LVC as well as increased skeletal muscle V O 2 during submaximal KE exercise in patients with COPD, whereas minimal effects were observed in healthy subjects. In addition, arterial O 2 saturation was improved at rest and during exercise in patients with COPD after AOC administration. Collectively, these data illustrate the role of oxidative stress in the integration of O 2 transport and utilization during exercise in this population and further implicate oxidative stress in the systemic pathophysiological consequences of COPD.
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